Diarrhea causes significant morbidity and mortality in Indian children under 5 years of age. Flies carry enteric pathogens and may mediate foodborne infections. In this study, we characterized fly densities as a determinant of infectious diarrhea in a longitudinal cohort of 160 urban and 80 rural households with 1,274 individuals (27% under 5 years of age) in Vellore, India. Household questionnaires on living conditions were completed at enrollment. Fly abundance was measured during the wet and dry seasons using fly ribbons placed in kitchens. PCRs for enteric bacteria, viruses, and protozoa were performed on 60 fly samples. Forty-three (72%) fly samples were positive for the following pathogens: norovirus (50%), Salmonella spp. (46.7%), rotavirus (6.7%), and Escherichia coli (6.7%). Ninety-one episodes of diarrhea occurred (89% in children under 5 years of age). Stool pathogens isolated in 24 of 77 (31%) samples included E. coli, Shigella spp., Vibrio spp., Giardia, Cryptosporidium, and rotavirus. Multivariate log-linear models were used to explore the relationships between diarrhea and fly densities, controlling for demographics, hygiene, and human-animal interactions. Fly abundance was 6 times higher in rural than urban sites (P < 0.0001). Disposal of garbage close to homes and rural living were significant risk factors for high fly densities. The presence of latrines was protective against high fly densities and diarrhea. The adjusted relative risks of diarrheal episodes and duration of diarrhea, associated with fly density at the 75th percentile, were 1.18 (95% confidence interval [CI], 1.03 to 1.34) and 1.15 (95% CI, 1.02 to 1.29), respectively. Flies harbored enteric pathogens, including norovirus, a poorly documented pathogen on flies.
D
iarrhea has been shown to be the cause of death of over 10% of Indian children under the age of 5 (1) . Transmission of infectious diarrhea is fecal to oral, with zoonotic and/or anthroponotic cycles depending on the pathogen. Environmental factors that appear to be associated with the epidemiology of enteric pathogens include a wide range of events and processes. These include strong seasonal patterns, such as rain events, temperature extremes, soil and water ammonia levels, soil characteristics and vegetation cover, proximity of infective feces to water and food supplies ultimately used for human consumption, type of water disinfection used and the use of untreated or undertreated wastewater for agricultural irrigation, predation and sequestration of pathogens by invertebrates, pathogen reservoir characteristics, such as number and age of animals in direct and indirect contact with water and food supplies, and pathogen transport by flies and other flying insects (2) .
Flies are known to carry enteric pathogens, and it is thought that some foodborne transmission of enteric infections may be mediated by flies (3) . Enteropathogens previously isolated from flies in field and laboratory experiments include Campylobacter spp. (4) (5) (6) , Salmonella spp. (4, 5, 7) , Shigella spp. (4, 5, (8) (9) (10) , Vibrio cholerae (4, 9) , Escherichia coli, including enterohemorrhagic E. coli (4, 5, 7, 8, (11) (12) (13) , Bacillus cereus (8) , Cryptosporidium spp. (3, (14) (15) (16) , Giardia lamblia (3) , and rotavirus (17) . The three proposed mechanisms of potential pathogen transmission from flies to their environment include mechanical transfer from the exoskeleton, regurgitation, and fecal deposits (3, 4, 10, 12, (14) (15) (16) 18) . It has been shown that enteric pathogens can survive on flies for up to 10 days (19) . The role of flies as vectors of infectious disease in humans has been suggested by the results of many experimental and field studies (3-6, 8-11, 14-16, 18, 20-30) .
Most transmission of infectious diarrhea is primarily fecal to oral, although the routes taken from feces to ingestion by a host can vary. Pathogenic microbes originating from human feces (e.g., rotavirus, adenovirus, astrovirus, E. coli, Salmonella spp., Shigella spp., Campylobacter spp., Vibrio spp., Giardia spp., Cryptosporidium spp., and Entamoeba histolytica) are considered to be the major causes of infectious diarrhea. Animal feces, however, can harbor human pathogens (e.g., Campylobacter spp., Salmonella spp., E. coli, Giardia spp., and some Cryptosporidium spp.) and can therefore participate in transmission of disease to humans. Given environmental conditions, such as those found on food at ambient temperature, many bacteria continue to multiply with augmentation of their pathogenic potential. In order to explore the potential for mechanical transmission of diarrheal pathogens, we undertook a comprehensive description of living conditions in 240 recruited households in two urban slums and two rural areas of Vellore District, Tamil Nadu, India. The aims of the study were to examine the link between fly densities and diarrheal outcomes at the household level and to identify potential targets for public health interventions to decrease infectious diarrhea in resource-poor settings. We anticipated that en-teric infection would be more frequent and clustered in households with compromised water and food supplies either at the source or at the point of use and associated with ineffective segregation of human and animal fecal material. Ineffective segregation of waste from products of consumptions would be characterized and predicted by detectable conditions, such as increased fly densities, specific hygiene patterns, and living conditions. In this pilot study, we found that flies harbored enteric pathogens, including norovirus, a poorly documented pathogen on flies.
MATERIALS AND METHODS
Study sites. This pilot study was embedded in a parent study on environmental drivers of diarrhea (a detailed description of which is presented by Kattula et al. [31] ) and took place in two rural villages, Kattuputhur and A. Kattupudi in Kaniyambadi Block (a rural development block with an approximate population of 104,792 residents in 82 villages) and two urban slum areas, Ramanaickanpalayam (RNP) and Kaspa, with a combined population of approximately 24,843. All of these sites are in Vellore District in the Indian state of Tamil Nadu. The study protocol was reviewed and approved by both the Tufts Medical Center and Christian Medical College Institutional Review Boards. All participating study families signed an informed consent form.
Health outcomes. We recorded the numbers and durations of diarrheal episodes for families in the study sites in a cohort of 160 urban and 80 rural households with 1,274 individuals, 27% of whom were under 5 years of age, accumulating 198,795 person-days of follow-up from 6 August 2010 to 31 January 2011. Trained field workers visited all households weekly to inquire about illness. An episode of diarrhea was defined as 3 or more unformed or watery stools in a 24-h period (31) . An interval of at least 48 h without diarrhea was used to define a new episode. Stool samples were collected from those who experienced a diarrheal episode and were screened for parasites by light microscopy using wet mounts and modified acid-fast staining. Stool culture was performed for Salmonella spp., Shigella spp., and Vibrio spp. Multiplex PCR for diarrheagenic Escherichia coli (enteropathogenic, enterohemorrhagic, enteroinvasive, diffusely adherent, enteroaggregative, and enterotoxigenic E. coli) and enzyme-linked immunosorbent assay (ELISA) for group A rotavirus were performed according to previously described methods (32) . Norovirus testing was not performed on stools.
Characterization of flies. From 13 to 30 October 2010, fly ribbons were placed in 234 households in 2 urban sites and 2 rural sites for 2.92 to 11 days (median 4.71 days). From 12 to 28 January 2011, fly ribbons were placed in 229 households at the same 4 sites for 0.83 to 15.08 days (median, 1.13 days). The sticky ribbons were nontoxic passive traps (Revenge Fly Catcher) placed in or as close to food preparation areas as was feasible by house geometry and as was acceptable to households, many of whom live in cramped quarters. Date and time (to the nearest hour) of placement were recorded. In order to increase the fly trapping surface, every attempt was made to place the ribbons vertically and away from walls, but in a minority of cases (11/234 in October and 6/229 in January), family preferences resulted in traps placed against the wall to decrease the spatial burden of the ribbons on day-to-day activities. In all cases, ribbons were placed away from direct sunlight and were sheltered from rain. House geometry and in some cases family preferences dictated the height of traps. The ribbons were placed such that the bottoms of the 61-cm traps were between 1 and 2 m off the ground, with the majority being between 1 m 70 cm and 2 m off the ground so as to be out of reach of children and pets. Collection of ribbons occurred several days after placement, with the date and time (to the nearest hour) of retrieval recorded. Two forceps were used to place the flies from each household ribbon into sterile 1.8-ml tubes. Several tubes were necessary for household ribbons with more than 30 flies. The forceps were thoroughly cleaned with 70% isopropyl alcohol and completely air dried between ribbons to decrease the likelihood of cross-contamination between household samples. The tubes were then placed 1 to 6 h after collection in a freezer at Ϫ70°C for microbiologic testing. Identification of flies was performed using morphological criteria to the family taxon level (33) .
Due to material limitations, household fly samples were selected for pathogen detection if the fly count was at least equal to or greater than 15. We identified 15 rural and 15 urban fly samples in October and in January, for a total of 60 fly samples for detailed analysis. Five hundred milligrams of the frozen flies was used to extract DNA and RNA using the QIAamp DNA minikit and QIAamp viral RNA minikit after the flies had been crushed in a sterile mortar and pestle. PCRs for Salmonella spp., Campylobacter spp., Vibrio spp., Yersinia spp., diarrheagenic Escherichia coli, Shigella spp., Cryptosporidium spp., rotavirus, and norovirus (genogroups I and II) were performed using previously described primers and conditions (34) (35) (36) (37) (38) .
Environmental, demographic, and hygiene characteristics. Trained field workers administered questionnaires a few days following recruitment in each recruited house. These questionnaires explored demographic and hygiene characteristics of the household through a total of 130 questions: the questions relevant for this study were selected for the statistical analyses.
Statistical analyses. (i) Predictors of fly density.
Fly counts for 234 households were transformed into fly densities by dividing the crude count by the number of days the trap was up at a household level and are expressed as flies per day. The fly densities from October and January were then averaged for each household. These average values were used for all statistical models. The analysis of associations between the outcome and variables obtained through the questionnaires was performed using correlation measures. To examine environmental predictors of fly density, we implemented two models: linear and logistic regressions. For multivariable linear regression, average fly densities were log transformed to accommodate a right skew. The best-fitted model was chosen based on the value of coefficient of determination; a few nonsignificant variables (e.g., highest household educational level attained) were retained in the model as they were considered possible confounders or effect modifiers. The results of the linear model were presented as the estimates of relative risk (RR) with their 95% confidence intervals (95% CIs).
To better account for the high fraction of low values, we also applied a logistic regression model to the dichotomized log-transformed fly density using a breakpoint of 4.8 flies caught per day. This breakpoint separates well between low and high values estimated from a mixture of gamma and normal distributions. The gamma distribution was used to approximate low fly density values (Ͻ4.8 flies caught per day), while values above the cutoff were fitted by a normal distribution. We suspect that two underlying distinct sets of household groups were represented by this mixture. The results of the logistic models are presented as the estimates of odds ratio (OR) with their confidence intervals (95% CIs).
(ii) Predictors of diarrhea. Both the number of episodes and the duration of diarrhea for the household observed during a 6-month period (6 August 2010 to 31 January 2011) were considered the health outcomes for a multivariate analysis. Both outcomes were regressed against potential predictors. For a multivariate analysis, we fitted a generalized log-linear model with a negative binomial distributional assumption for an outcome. In this model, the relationships between the predicted mean and variance were modeled in a form that supports the right skew and a large fraction of zeros in the health outcome. A P value of 0.15 or lower was used as the threshold for including the variable in the final model. Most variables reflecting individual and household hygiene had a low impact on the model fit and thus were omitted from the final models. We also explored interactions among a number of terms to ensure detection of joint effects.
All statistical analyses were performed using R and SPSS 18.0.2 (SPSS, Inc., 2009, Chicago, IL).
RESULTS
In October 2010, 2,101 flies were captured, with 2,095 (99.7%) from the Muscidae family, 4 (2 per 1,000) from the Callidiphoridae family, and 2 (1 per 1,000) from the Sarcophagidae family. In January 2011, 4,212 flies were collected with 4,209 Muscidae (99.9%), 2 Callidiphoridae (5 per 1,000), and 1 Sarcophagidae (0.2 per 1,000) flies. Forty-three of 60 (72%) fly samples were positive for pathogens, including Salmonella spp., rotavirus, and E. coli (Table 1) . Half of the samples were positive for norovirus.
High fly densities were observed in rural sites: 8.11 Ϯ 14.8 flies per day versus 1.38 Ϯ 4.14 flies per day in urban sites ( Table 2) .
Rural villages and urban slums differed by the use of cow dung, garbage disposal in dug-out pits in and around the living compound, the use of indoor latrines. Regression models reveal that fly densities were on average 61% higher in households with garbage disposal in dug-out pits in and around the living compound and 31% higher in households that use firewood as fuel (Table 3) . Fly densities were also high when the animals in and around living quarters were observed. Fly densities were very low in urban households of RNP, where the use of indoor latrines is near 98.5%.
Over the 6 months of the study period, 91 episodes of diarrhea, with 248 total days of diarrhea (range per household, 0 to 22 days; mean, 1.03 days; interquartile range, 0 to 1 days) were recorded. Eighty-one episodes (89%) occurred in children under the age of 5. Stool pathogens isolated in 24 of 77 (31%) of samples included E. coli, Shigella spp., Vibrio spp., Giardia, Cryptosporidium spp., and rotavirus.
After being adjusted for socioeconomic, demographic, and behavioral characteristics, the average fly density consistently predicted duration of diarrhea at the household level (Table 4) . Similar results were found for episodes of diarrhea (data not shown). With an increase in average fly density to the 75th percentile in a given household, the risk of diarrhea increased by 15% (RR, 1.15; 95% CI, 1.02 to 1.29; P ϭ 0.024) for duration of diarrhea and by 18% (RR, 1.18; 95% CI, 1.03 to 1.34; P ϭ 0.014) for number of diarrheal episodes. The use of latrines by children was protective against duration of diarrhea (RR, 0.45; 95% CI, 0.27 to 0.75; P ϭ 0.002).
DISCUSSION
Several enteric pathogens were identified on captured flies, including norovirus, which was detected in 50% of the tested samples. Although the isolation of norovirus on flies is not surprising, given the well-documented presence of other enteric pathogens on flies and the putative role of flies in the transmission of enteric infections (3-6, 8-18, 20-28, 39-42) , this common diarrheal pathogen has heretofore been poorly documented on flies. Although norovirus testing was not performed on stool in our pilot project due to financial constraints, a recent case-control study of children under 5 with diarrhea in Vellore, India using conventional and molecular methods revealed norovirus (genogroups 1 and 2) in 15.8% of diarrheal stool samples versus 7% of controls (P ϭ 0.051), making it the third most common pathogen isolated in diarrheal samples (32) .
In the parent study (31), we demonstrated that the rate of diarrhea was lower in rural areas than in urban slums. The present study, covering the first 6 months of the observational period, also shows rural living to be protective against diarrhea. At the same time, fly densities are higher in rural villages than in urban slams. We observed a relationship between the households' fly densities and diarrheal events; however, our ability to demonstrate a causal link between diarrhea and fly abundance is limited. Previous studies attempted to demonstrate such a relationship (10, 39) , and this task remains difficult.
Undeniable proof of transmission of enteric pathogens from flies to food to humans outside experimental situations may not be truly feasible. The exclusion of all other possible routes of enteric pathogen transmission is difficult in human field studies. Several human pathogens were isolated on flies in our study by PCR. Although a statistically significant association between fly densities and diarrhea was found, flies may acquire these pathogens from humans who are infected from another source and therefore serve as markers rather than causes of human disease. In our model with interaction terms, it would appear that the presence of high fly densities as a risk factor for diarrhea is partially mitigated in the absence of animals in and around living quarters and in rural settings where there is less crowding. This might suggest a possible role for fly vectors in zoonotic and person-to-person transmission.
There are several limitations inherent in our data collection methods. Homes within each site and among sites were so variable in indoor layout as to preclude true standardization of fly trapping. Very high fly densities were noted around the open sewers present immediately next to home entries. In RNP, the traps were placed in food preparation areas often found deep inside the homes away from the feeding and breeding areas represented by the open sewers. This may explain to a large extent the extremely low fly densities measured by fly trapping in food preparation areas in RNP. The other three sites generally did not have such flagrant visualized fly gradients within homes and had fewer separated kitchens. This finding could suggest that flies may be more important vectors at sites other than kitchens (e.g., children eating in the entry close to the open sewers and food covered by flies sold by food vendors in the street and not cooked prior to consumption). Placing several traps per home and measuring fly activity at food vending sites would have improved the quality of our con- clusions, but such extensive trapping was beyond the scope of this study. Ideally, fly trapping would have been performed in a continuous manner over the course of the study. Unfortunately, this did not occur because of material and personnel limitations. In addition, it is questionable if the study participants would have accepted flytraps over extended periods. In the end, we opted for the average of data at two time points in two seasons in the hope that this would improve the relevance of cross-sectional data to a longitudinal collection of health outcomes. This pilot cohort study identified several modifiable risk factors for high fly densities and duration of diarrhea that could potentially improve the incidence of infectious diarrhea in resource-poor settings. To reflect the effect of average fly density on the number of episodes and the duration of diarrhea, we used the 75th percentile in the estimation of relative risk. This selection was driven by an attempt to set up an attainable goal of reducing average fly density.
Latrines may aid in the effective segregation of feces from water and food as well as decrease fly populations compared to the use of fecal fields and have been described as potentially effective public health interventions to reduce fly densities and diarrheal incidence (43) . In our study, latrine use by adults was associated with lower fly densities ( Table 2) , and their use by children was associated with less diarrhea (Table 3) . In urban communities, most latrines are located indoors. In rural areas, open defection is common (31) . The presence of garbage in open pits in and around living compounds was found to be a risk factor for high fly densities but not for diarrhea. Transmission of diarrhea is typically fecal to oral and would not be expected to be increased by the accumulation of nonfecal matter, even if this represents high-quality food that attracts flies.
The presence of animals was a risk factor for both fly densities and diarrhea. The zoonotic cycle of transmission of several enteric pathogens supports the plausibility of this finding. Animals are prone to haphazard defecation, providing food sources and reproductive sites for flies and many opportunities for direct contamination of human water and food supplies. The distancing of animals from living quarters could be an appropriate, albeit difficult, public health goal.
As in previous studies (43) (44) (45) , high fly densities and diarrhea were shown to be associated with limited education in the studied areas. The relationship between education and other variables is complex, and it certainly acts as a confounder and effect modifier. The total number of family members in a household was found to be a risk factor for both high fly densities and diarrhea. Household size has been previously linked to diarrhea (43) , but the simple fact of having more family members increases the odds of one member having diarrhea over a given period of time. Crowding (number of family members/number of rooms) was also found to be an important risk factor for diarrhea in the analysis of the whole cohort (31) .
In conclusion, studies that seek to elucidate the environmental conditions that predispose to diarrhea are important for the formulation of public health targets to reduce diarrhea in resourcepoor settings; however, the complex and intricate interplay of the identified factors precludes easy interpretation, and standard regression techniques may not be the most appropriate statistical analysis methods for this type of data. In addition, sampling techniques and the use of questionnaires are fraught with inconsistencies and inaccuracies that add to the uncertainty of conclusions.
Notwithstanding the foregoing, we identified several modifiable factors, such as the use of indoor latrines and the proximity of animals to living quarters, that seem to influence both fly densities and diarrhea. Effective fly mitigation through improved waste and food management likely protects against infectious diarrhea. Alongside improvements in water quality and sanitation, these modifiable factors are undoubtedly appropriate public health targets to combat infectious diarrhea in resource-poor settings.
